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Introduction
The proposed work comprises a single specific aim of mutagenizing Breast Cancer Metastasis
Suppressor 1, BRMS 1, for establishing it's mechanism of action. The basic work is broadly
divided into two parts (a) Identification of interacting protein(s) (b) Mutational analysis.

Identitication of protein(s) interacting with BRMS1 involves
• Screening of "prey" library to identify the possible interactors.
• Test the effect of critical mutations identified by mutational analysis on the protein-

protein interaction.

The mutational analysis involves
• Constructing BRMS 1 deleted for predicted domains and testing the effect of deletions in

vitro and in vivo.
• Construction of site directed mutations and testing them in vivo and in vitro.

Both these parts were proposed to be carried out simultaneously and in this report the progress
on both fronts is summarized.

Until June 2004 the project had following Key Accomplishments:

I/ Yeast two hybrid screen for protein interactors of BRMS 1 is successfully performed
V Eight genetic interactors were discovered.
V RBP1 and MRJ interactions were verified with co-immunoprecipitation
V Assays of in vitro characterization of BRMS1 were standardized.
V BRMS 1 interaction with NMI confirmed
V BRMS 1 mSDS3 interaction confirmed

' Discovered BRMS 1 as one of the member of a - 1.6 MDa mSin3-HDAC complex.
/ Generated specific internal deletions in BRMS1 to disrupt various domains.
V/ Demonstrated existence of similar HDAC complex for murine ortholog (Brmsl) of

BRMS1.

Summary of the work:

Identification of interactors of BRMS1
Prey libraries from three different human tissues viz. breast, placenta and prostate were

screened. The breast library was chosen based on the fact that BRMS 1 was identified based on
studies on metastatic breast carcinoma cell liens and was functionally shown to block the
metastasis of breast cancer cell lines in nude mouse model. Placenta and prostate are tissues that
express the highest levels of BRMS 1. The screen was performed using full length BRMS 1 as a
bait. The results of these screens are summarized in Tablel (numbers indicate independent
clones). Eight genetic interactors of BRMS 1 were identified. These are RBP1 (Rb binding
protein), MRJ (Hsp40 related chaperone), CCG1 (a protein essential for progression of G phase),
SMTN (cytoskeletal protein specific to smooth muscles), FLJO0052 (EST),Nmi (N-myc
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interactor), KPNA5 (karyopherin alpha 5), and BAF 57(BRG1 associated factor). The BRMS l-
RBPl (please refer to attached J. Biol. Chem. manuscript), BRMS 1-MRJ as well as BRMS 1-
NMI interactions were further confirmed at cellular level by co-immunoprecipitation studies
(Figure 1 a, b). Further characterization of the immunoprecipitated complex using HPLC, co-

A B
1 2 3 4 5 IP- NMI COS 7

VIM anti -901 *r 9IBR NWU+

50 -MON

5 .- BRMS BRMS1

35 WB: 901

AMli-IM antibody immunnoprecitaites BRM1I Co- Immunopredpitation of 901-BRMSI a.NMI antibody

1& 3 are IPs using anti-901 antibody 901: apitope tag usedfor BRMSI
1 Vector transfectant & 2-6 are high expressing clone ofBRMS1

2- beads only (no antibody)
4- IP using irelevant antibody P-actin
5- IP using arti-MRJ antibody

immunoprecipitation and Western blotting, suggests BRMS 1 is a member of mSin3-HDAC
complex. [Manuscript accepted in J. Biol. Chem.].

Interestingly the EST, FLJ00052, discovered by us in the yeast two hybrid screen as

[A] EFI]
IP with 901 IP with mSDS3WVB or. SAP45 Wor. 901

V BRMSI V BRMSI

Fig 2. A: Inimunoprecipitation of 9 01 tagged BRMS 1 also pulls down Msds3
B: Immunoprecipitation of mSDS3 pulls down Msds3

These studies were carried out in 901 tagged BRMS 1 expressors of MDA-MB-23 1

coding for a possible interactor for BRMS 1 is published recently as mSDS3 or SAP45 (Fleischer
et al, Alland et al). mSDS3 is also shown to be a member of mSin3-HDAC complex. We have
confirmed the BRMS1-mSDS3 interactions using the antibodies kindly provided by Don Ayer
Huntsman Cancer Institute Department of Oncological Sciences, Salt Lake City, UT. (Fig 2 a &
b). mSDS3 shares 24 %identity and 50% similarity with BRMS1. Based on GenBank searches
performed by us and others MGC1 1296 (aka BRMS1L) is another EST that is possibly coding
for a stronger -60 % homolog of BRMS 1. Thus we have found a family of BRMS 1-proteins.

Our finding that BRMS 1 interacts with mSDS3 and is a part of the mSin3-HDAC
complex combined with other groups finding that mSDS3 forms a part of the same complex
imply strongly that BRMS1 and mSDS3 are present together in the same complex. It is
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intriguing to see the BRMS 1 family (homologs) are present in a complex that regulates gene
expression. Based on the literature search, there are no major findings reported yet regarding
which downstream genes are regulated by this complex. But it is tempting to speculate that this
is a complex that plays a major role in control of the metastatic phenotype. Experiments are
underway to address this question.

We have performed forward as well as reverse co-immuno precipitations to confirm the
interaction of BRMS 1 with RBBP1, NMI, MRJ, SDS3 and BAF57 (Copy of Manuscript in
preparation attached).The HDAC complexes and the other chromatin remodeling complexes
such as SWI-SNF complexes are speculated to be working together. In a series of co-
immunoprecipitation studies, we have observed that BRMS 1 interacts with class I as well as
class II HDAC members. (Manuscript in preparation, copy attached). We have also found that
some of the interactors are able to co-immunoprecipitate each other. Specifically SDS3 co-
immunoprecipitates BAF 57 (data in attached manuscript). This suggests that the HDAC and
SWI-SNF complexes are working in close physical proximity, regulating a set of genes
presumably important in metastasis.

Murine ortholog of BRMS 1 is 95% identicle to human BRMS1. Hence to strengthen our
finding of BRMS 1 -HDAC interaction, we evaluated murine

,- " - brmsl for interaction with murine HDACI and found that the
V interaction was reproducible in murine systems as well (Figure

3).

- Figure 3. Murine HDAC1 co-immunoprecipitates Brmsl.
Myc-Brmsl transfected 4T1 cells were compared to mock
transfected (mock, no DNA). The first two lanes were

IP IP no ip no ip immunoprecipitated with anti-HDAC 1 Ab and the last two
lanes contain only cell lysate. The blot was probed with anti-

Myc Ab. The band corresponds to a MW of Brmsl i.e. near 35 kDa.

We had proposed that we will perform BRMS1 mutagenesis to see loss of the metastasis
suppression function. We have decided to use this strategy in a slightly modified way. We will
first find the mutant(s) that abrogates the participation of BRMSlin the mSin3-HDAC complex.
This mutant(s) will then be evaluated for loss of metastasis suppression ability. The mutants
generated are described below.

Mutational analysis:
We had previously inspected BRMS 1 for conserved domains and found various domains

such as coiled-coil domain, nuclear localization sequences, N-terminal glutamic acid rich region
and an imperfect leucine zipper. We looked at the BRMS lprotein sequence again in the light of
the Y2H results, using the Pfam conserved domain search provided by NCBI. Many interesting
conserved domains were observed. Many of them overlap and are disrupted in the BRMS 1
deletion performed by us as explained below. We have used the ExSiteT inverse PCR strategy
to create specific internal deletions of BRMS 1.
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Deletion of Glutamic acid rich region BRMS lAE: deletion of aa. 1 Ito 63
Deletion of Coiled coil domain BRMS1 AC: deletion of aa. 67 to 87
Deletion of Leucine zipper region BRMS 1 AL: deletion of aa. 138 to 181

We have also independently mutated the two NLS sequences to alanine and also have
both the NLS mutated to alanine. All these constructs have N-terminal c-Myc tag for the ease of
performing co-immunoprecipitations.

We are also using yeast reverse two hybrid screen using RBP1 as a bait to obtain mutated
BRMS 1 that would fail to interact. Both the approaches are expected to yield specific amino
acids required for BRMS 1 to be a member of the mSIN3-HDAC complex. These mutants will
then be evaluated in animals for metastasis suppression. If the formation of the complex is
relevant to metastasis suppression, mutated BRMS 1 will lose that capability.

Key Accomplishments in 2003-2004:

* BRMS 1 interaction with BAF57 confirmed
* BRMS 1 was found to be binding to Class I as well as Class II HDACs.
• Murine BRMS1 was found to interact with murine HDAC1 further confirming the

BRMS 1 -HDAC interaction.
This work was chosen for presentation in 2004 AACR-Mini Symposium Lecture
"Characterizing protein-protein interactions of breast cancer metastasis suppressor 1
(BRMS 1)". Proceedings of the American Association for Cancer Research (2004) 45:
2392 Orlando, FL.
The work received a travel scholarship from Susan G. Komen foundation for presentation
at the Metastasis Research Meeting, Genoa, Italy.
"Breast Cancer Metastasis Suppressor 1 (BRMS 1): A possible chromatin modulator" a
poster at the 10t' Metastasis Research Meeting, Genoa, Italy received NIH-sponsored
travel award.

Note:

*r It is essential to mention that due to the move of the Mentor, Professor Danny R. Welch
to Univ. of Alabama at Birmingham, the grant had to be moved from Hershey Medical
Center, PA, to UAB, Birmingham. The move of funds was very slow and actually the
funds are received in UAB very recently. It must emphasized that despite of this fact
concerted efforts have been made to accomplish the specific aims and pursue important
leads emerging from the research finding.

*r The P.I. has accepted a position as Assistant Professor in the University of South
Alabama, effective June 2004. P. I. has been chosen as a key faculty in the Metastasis
and Tumor Biology Center of the new Cancer Center at the University of South
Alabama.

"*" Please also note that the report is written 60 days past due date as the PI and the mentor
did not realize the fact that the award money transfer was delayed and as the result of that
the project period was extended. After receiving past due notice and clarification from
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Judy Pawlus, Technical Editor Office of the Deputy Chief of Staff for Information
Management, we realized that we had to submit another final report and yearly report.

Reportable Outcomes:

Publications in Peer reviewed journals
Samant, R.S., Seraj, M.J., Saunders, M.M., Sakamaki, T., Shevde L.A., Harms, J.F.,
Leonard, T.O., Goldberg S.F., Budgeon, L., Meehan, W.J., Winter, C.R., Christensen,
N.D., Verderame, M.F., Donahue, H.J., and Welch, D.R. Analysis of mechanisms
underlying BRMS 1 suppression of metastasis. Clin Exp Metastas. 18 (8): 683-693 (2001)

* Manni, A., Washington, S., Griffith, J.W., Verderame, M.F., Mauger, D., Demers, L.M.,
Samant, R.S., and Welch D. R. Polyamine involvement in invasion and metastasis by
human breast carcinoma cells. Clinical and Experimental Metastasis, 19 (2), 95-105
(2002)

* Shevde LA, Samant RS, Goldberg SF, Sikaneta T, Alessandrini A, Donahue HJ,
Mauger DT, Welch DR. Suppression of Human Melanoma Metastasis by the Metastasis
Suppressor Gene, BRMS 1. Exp Cell Res: 273(2), 229-239 (2002)

* Park Y.G., Lukes L., Yang H., Debies M.T., Samant R.S., Welch D.R., Lee M., Hunter
K.W. Comparative sequence Analysis in Eight Inbred Strains of the Metastasis Modifier
QTL Candidate Gene Brmsl. Mammalian Genome, 13 (6), 289-292.

• Samant, R.S., Debies, M.T., Shevde, L.A, Verderame, M.F., and Welch, D.R.
Identification and characterization of murine ortholog (brmsl) of Breast Cancer
Metastasis Suppressor 1 (BRMS1). Int. J. Cancer: 97, 15-20 (2002)

• Samant RS*, Meehan, WJ.*,., Hopper, JE., Workman, JL., Carrozza, MJ., Shevde, LS.,
Verderame, MF., Eckert KE., Welch, DR. Interaction of the BRMS 1 metastasis
suppressor with RBP1 and mSin3 histone deacetylase complex. J Biol Chem.
279(2): 1562-9. (2004)

* Jaeger EB, Chekmareva MA, Tennant TR, Luu HH, Hickson JA, Chen SL, Samant
R.S., Sokoloff MH, Rinker-Schaeffer CW. Inhibition of prostate cancer metastatic
colonization by approximately 4.2 Mb of human chromosome 12. Int J Cancer.,
108(1):15-22. (2004)

• Harms, J.F., Welch, D.R., Samant, R.S., Shevde, L.A., Babu, et al, The small molecule
antagonist of the avB3 integrin suppresses MDA-MB-435 skelatel metastasis. Clinical
and Experimental Metastasis, 21 (2), 119-128 (2004)

* Cicek, M., Samant, R. S., Kinter, M., Welch, D.R., and Casey, G. Identification of
metastasis associated proteins through protein analysis of metastatic MDA-MB-435 and
Metastasis Suppressed BRMS1 transfected MDA-MB-435 cells. Clinical and
Experimental Metastasis, 21 (2), 149-157 (2004)

* Kapoor, P., Saunders, M.M., Li, Z., Zhou, Z., Schaeffer, N., Kunze, E.L., Samant, R.S.,
Welch, D.R. and Donahue, H.J. Breast cancer metastatic potential: Correlation with
increased heterotypic gap junctional intercellular communication between breast cancer
cells and osteoblastic cells. (2004) Int J Cancer. 111(5):693-7
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Dewald DB, Torabinejad J, Samant RS, Johnston D, Erin N, Shope JC, Xie Y, Welch
DR. Metastasis Suppression by Breast Cancer Metastasis Suppressor 1 Involves
Reduction of Phosphoinositide Signaling in MDA-MB-435 Breast Carcinoma
Cells.Cancer Res. 65(3):713-7. (2005)
Samant RS, Debies MT, Hurst DR, Moore BP, Shevde LA, Welch DR. Suppression of
murine mammary carcinoma metastasis by the murine ortholog of Breast Cancer
Metastasis Suppressor 1 (Brms 1) Accepted for publication in Cancer Letters (2005)*

Abstracts

"* Shevde LA, Samant RS, Casey G and Welch DR. BRMS 1 suppresses expression of
osteopontin.91 h international congress of the Metastasis Research Society, Chicago,
September 20-22, 2002.

"* Samant RS, Meehan WJ, Shevde LA, Hopper JE, Welch DR. Identifying protein interactors
of Breast Cancer Metastasis Suppressor 1, BRMS 1. 9'h international congress of the
Metastasis Research Society, Chicago, September 20-22, 2002.

"* Samant RS, Meehan WJ, Shevde LA, Hopper JE, Welch DR. Identifying protein interactors
of Breast Cancer Metastasis Suppressor 1, BRMS 1. Era of Hope, 2002. CDMRP meeting of
the U.S. Army Materiel Command, Florida, September 24-28, 2002.

"• Welch, D.R., Harms, J.F., Samant, R.S., Babu, G.R., Gay, C.V., Mastero, A.M., Donahue,
H.J.,Griggs, D.W., Kotyk, J.J., Pagel, M.D., Rader, R.K., Westlin, W.F., The small molecule
av133 antagonist (S247) inhibits MDA-MB-435 breast cancer metastasis to bone. 3 rd North
American Symposium on Skeletal Complications of Malignancy. 3:A17, 2002.

"* Li, Z., Zhou, Z., Samant, R.S., Babu, G.R., Kapoor, P., Welch, D.R. and Donnahue, H.J.
Connexin 43 expression suppresses breast cancer cell tumorigenicity and metastasis.
Proceedings of the American Association for Cancer Reaearch (2003).

"* Welch DR, Samant RS, Meehan WJ A novel mechanism of metastasis suppression by
BRMS 1 metastasis suppressor gene. 2 1st COE symposium at University of Tokyo- Future
Cancer Therapy through understanding metastasis. PP 5-9.

"• Meehan, W.J., Samant, R.S., Hopper, J.E., Carrozza, M.J., Shevde, L.A., Workman, J.L.,
Eckert, K.A., Verderame, M.F., and Welch, D.R. BRMS 1 (breast cancer metastasis
suppressor1) forms complexes with RBP1 and mSin3 histone deacetylase complex and
represses transcription. 5' international congress of the Genetics, Biochemistry and
Physiology of NDP kinase/NM23 /AWD. T19.

"* Welch, D.R., Torabinejad, J., Samant R.S., Erin, N., Johnston, D., Dewald, D.B. Breast
cancer metastasis suppressor 1 (BRMS 1) expressing MDA-MB-435 cells have significantly
reduced levels of phosphatidylinositol 4,5 bisphosphate (Ptdlns(4,5)P2). Proceedings of the
American Association for Cancer Research (2004) 45: 2433.

"* Shevde, L.A., Samant, R.S., Casey, G., Welch, D.R. BRMS 1 regulates osteopontin
expression in metastatic breast cancer. Proceedings of the American Association for Cancer
Research (2004).

"* Samant, R.S., Meehan, W.J., Mehta, A., Shevde, L.A., and Welch, D.R., Characterizing
protein-protein interactions of breast cancer metastasis suppressor 1 (BRMS 1). Proceedings
of the American Association for Cancer Research (2004) 45: 2392.

"* Samant, R.S., Meehan, W.J., Mehta, A., Shevde, L.A., and Welch, D.R., Breast cancer
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metastasis suppressor 1 (BRMS 1): A possible chromatin modulator. 10' International
congress of the Metastasis Research Society, Genoa, Italy. 48: 47 September 17-20, 2004.
Shevde, L.A., Samant, R.S., Paik, J., Chambers A.F., Frost A.R., Welch, D.R., Decreased
Osteopontin expression by RNA interference suppresses tumorigenicity of human metastatic
breast carcinoma cells. 10' International congress of the Metastasis Research Society,
Genoa, Italy. 47: 47 September 17-20,2004

Conclusion:
Eight protein interactors of BRMS 1 have been identified. At least 4 of them are confirmed by
forward as well as reverse co-immunoprecipitation. The project lead to the discovery that
BRMS 1 is a member of mSin3-HDAC complex. We also found that BRMS 1 has closely related
family members and at least one of them interacts with BRMS 1 and possibly is a part of the
same HDAC complex. Murine Brmsl also interacts with murine HDAC1 hence the function of
BRMS 1 is conserved across species. BRMS 1 was found to interact with Class I and Class H
HDACs. Since one of the interactors (BAF 57) is a member of SWI-SNF (Chromatin remodeling
complex), BRMS1 is possibly involved in working closely with HDACS and SWI-SNFs and
possibly a molecular bridge. Considering that HDAC inhibitors are recently in clinical trials,
these flnding have direct clinical relevance. Hence investigations of the BRMS1 and it's
interacting proteins for involvement in regulatorv protein complex(es) and the downstream
regulatory pathways should be a ver high priorit research and has great potentials in
unrevealing critical events in metastasis.

References:

1. Fleischer TC, Yun UJ, Ayer DE. Mol. Cell Biol. 2003 May; 23(10); 3456-67

2. Alland L, David G, Shen-Li H, Potes J, Muhle R, Lee HC, Hou H Jr, Chen K, DePinho RA.
Mol. Cell Biol. 2002, Apr; 22(8): 2743-50
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Breast cancer metastasis suppressor 1 (BRMS1) sup- in, and coordinated expression of, a large assortment of genes.
presses metastasis of multiple human and murine can- Consistent with this notion, several genes, proteins, and path-
cer cells without inhibiting tumorigenicity. By yeast ways have been associated with metastatic progression, includ-
two-hybrid and co-immunoprecipitation, BRMS1 inter- ing oncogenes, motility factors, and matrix metalloproteinases
acts with retinoblastoma binding protein 1 and at least (1, 2). In addition to metastasis-promoting genes, a new class of
seven members of the mSin3 histone deacetylase molecules called metastasis suppressors has been described
(HDAC) complex in human breast and melanoma cell (reviewed in Refs. 2-5). By definition, metastasis suppressors
lines. BRMS1 co-immunoprecipitates enzymatically ac- inhibit metastasis without blocking primary tumor growth,
tive HDAC proteins and represses transcription when presumably by inhibiting one or more steps necessary for me-
recruited to a Gal4 promoter in vivo. BRMS1 exists in tastasis. To date, 13 metastasis suppressor genes have been
large mSin3 complex(es) of -1.4-1.9 MDa, but also forms identified that reduce the metastatic ability of cancer cell
smaller complexes with HDAC1. Deletion analyses show identife tha t redu cthe metasta icity oanerell
that the carboxyl-terminal 42 amino acids of BRMS1 are line(s) in vivo without affecting tumorigenicity, namely breast
not critical for interaction with much of the mSin3 com- cancer metastasis suppressor 1 (BRMS1),' CRSP3, DRG1,
plex and that BRMS1 appears to have more than one KAIl, KISS1, MKK4, NM23, RhoGDI2, RKIP, SSeCKs,
binding point to the complex. These results further VDUP1, E-cadherin, and TIMPs (reviewed in Refs. 4 and 5).

show that BRMS1 may participate in transcriptional We identified BRMS1 using differential display to compare
regulation via interaction with the mSin3.HDAC com- highly metastatic breast carcinoma cells with related but me-
plex and suggest a novel mechanism by which BRMS1 tastasis-suppressed cells (6). Enforced expression of BRMS1
might suppress cancer metastasis, suppressed metastasis in three animal models, namely human

breast (6), murine mammary (7), and human melanoma cells
(8). Additionally, BRMS1 mapped to loci in murine (7) and

The complex process of cancer cell dissemination and the human (6) genomes that had previously been implicated in
establishment of secondary foci involves the acquisition of mul- metastasis control (9). The BRMS1 protein localized to nuclei
tiple abilities by metastatic cells. For example, blood-borne and restored gap junctional intercellular communication in
metastasis requires cells to invade from the primary tumor, both breast and melanoma tumor cell lines (8, 10, 11), but its
enter the circulation, survive transport, arrest at a secondary molecular functions remain to be elucidated.
site, recruit a blood supply, and proliferate at that site (1). The One approach to determine a mechanism of action involves
ability to accomplish all of these steps likely involves changes identifying which proteins interact with BRMS1. In this report,

we utilized yeast two-hybrid and co-immunoprecipitation (co-
* This work was funded primarily by United States Public Health IP) to demonstrate that BRMS1 interacts with retinoblastoma-

Service Grant RO1-CA88728 with additional support from National binding protein 1 (RBP1). This association led to experiments
Institutes of Health Grant P50-CA89019, United States Army Medical to demonstrate that BRMS 1 interacts with at least seven mem-
Research and Materiel Command Grant DAMD17-02-1-0541, and the bers of the mammalian Sin3 (mSin3) mSin3.histone deacety-
National Foundation for Cancer Research. The costs of publication of lase (HDAC) complexes, including HDAC1 and HDAC2.
this article were defrayed in part by the payment of page charges. This
article must therefore be hereby marked "advertisement" in accordance Human HDACs exist in many large, multi-subunit protein
with 18 U.S.C. Section 1734 solely to indicate this fact. complexes (12) that are recruited to specific regions by DNA-

The nucleotide sequence(s) reported in this paper has been submitted binding factors. As their name indicates, HDACs remove acetyl
to the GenBankWM/EBI Data Bank with accession number(s) groups from lysine residues at the N-terminal tails of core
XM 045014.

These authors contributed equally to this work.
d Recipient of a United States Army Medical Research and Materiel

Command Postdoctoral Fellowship Grant DAMD17-01-1-0362. 'The abbreviations used are: BRMS1, breast cancer metastasis sup-
9 Recipient of a Susan G. Komen Breast Cancer Fund Postdoctoral pressor gene 1; co-IP, coimmunoprecipitation; RBP1, retinoblastoma

Fellowship Grant PDF-2000-218. binding protein 1; HDAC, histone deacetylase; mSin3, mammalian Sin3
' To whom correspondence should be addressed: Dept. of Pathology, (suppressor of defective silencing 3); NuRD, nucleosomal remodeling

University of Alabama at Birmingham, 1670 University Blvd., Volker and deacetylation; Rb, retinoblastoma; NCoR, nuclear receptor core-
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histones (13-15). Histone deacetylation favors transcriptional Pharmingen. Antibodies directed against HDAC2, Madl, Max, Mi-2,
repression, whereas acetylation (mediated by histone acetyl- p107, p130, RbAp46, RbAp48, SAP18, and mSin3B were obtained from

transferases) favors transcriptional activation. mSin3.HDAC Santa Cruz Biotechnology.
Yeast Two-hybrid Screen-A yeast two-hybrid screen was performed to

complexes are named for the large mSin3A and mSin3B pro- isolate cDNAs encoding BRMS1-interacting proteins essentially as de-
teins, which are thought to serve as scaffolds for complex as- scribed in the manufacturer's instructions (Clontech MATCHMAKER
sembly (14). HDAC enzymatic activity in mSin3 complexes is LexA). Full-length BRMS1 was cloned in-frame with the GAL4 DNA
mediated by a core subunit consisting of HDAC1, HDAC2, binding domain in the pDBTrp (Invitrogen) vector to obtain pDB-BRMS1.

RbAp46, and RbAp48 (13). The core HDAC subunit is also This GAL4DB-BRMS1 fusion (bait) construct was used to transform AH
found in at least one other HDAC complex, NuRD ((nucleosomal 109 (MATa, trp-901, leu2-3, 112, ura3-52, his3-200, gal4A, gal8OA,
fmoundeing at d l eas eother HDAC compLYS2::GALus-GALITATA-HIS3, GAL2uAs-GAL2TATA-ADE2, URA3::
remodeling and deacetylation (16). MELluAs-MELITATA-lacZ, MEL1). Human breast, prostate, and placenta

Mammalian Sds3 (mSds3; suppressor of defective silencing cDNA libraries in pACT2 (MATCHMAKER, BD Biosciences Clontech)
3) was recently reported to be an integral component of the were screened in yeast drop-out minimal medium lacking histidine, tryp-
mSin3 complex and acts to stabilize HDAC1 within the com- tophan, and leucine. His' colonies were tested for growth on minimal
plex (17). BRMS1 shares homology with mSds3, suggesting medium lacking adenine, tryptophan, leucine, and 3-galactosidase activ-

that BRMS1 belongs to a protein family (17). mSin3-associated ity as described previously (27). cDNA plasmids were isolated from each
positive yeast clone using Zymoprep (Zymo Research, Orange, CA) and

proteins, SAP18 and SAP30, which are believed to serve as sequenced. The interaction phenotype was lost when either the bait or
adapter molecules, complete the core complex as currently prey plasmid was lost from the cell. Re-introduction of missing partners
understood (18-20). restored growth on minimal medium lacking histidine, tryptophan, and

leucine, growth on medium lacking adenine, tryptophan and leucine, and
MATERIALS AND METHODS restoration of 3-galactosidase activity.

Cell Lines, Cell Culture, and Transfections-MDA-MB-231 is a hu- "5 S Protein Labeling-Cells were grown to 80-90% confluence in
man estrogen receptor- and progesterone receptor-negative cell line 100-mm tissue culture plates. Media were removed and replaced with 3
derived from a pleural effusion from an infiltrating ductal breast car- ml of cysteine-methionine-free media (Invitrogen) containing 5% fetal
cinoma. C8161 is a metastatic, amelanotic human melanoma cell line bovine serum for 1 h. Media were removed and replaced with 3 ml of
derived from an abdominal wall metastasis. C8161.9 is a highly meta- cysteine- and methionine-free media containing 5% fetal bovine serum
static clone obtained by limiting dilution cloning of C8161 (21). 66c14 is and 100 gCi/m1 35 S-express protein labeling mix (PerkinElmer Life
a murine mammary carcinoma cell line derived from a spontaneous Sciences). Cells were incubated for 18 h before protein was collected
carcinoma in BALB/cfC3H mice (22, 23). All cell lines were cultured in for co-IP.
a 1:1 mixture of Dulbecco's modified minimum essential medium and Co-immunoprecipitation-Cells (90-95% confluence) were washed
Ham's F12 medium supplemented with 5% fetal bovine serum (Atlanta twice with ice-cold PBS and lysed with ice-cold lysis buffer (0.5% Igepal
Biologicals, Atlanta, Georgia), 1% non-essential amino acids, and 1 mm CA-630 (Sigma), 50 mm Tris, pH 8, 150 mm NaCl, and 2 mM EDTA)
sodium pyruvate. Transfected cells also received 500 pg/ml G418 (Ge- containing 1 mm phenylmethylsulfonyl fluoride, 2 gg/ml aprotinin, 50
neticin; Invitrogen). All cells were maintained on 100-mm Corning mM NaF, 0.2 mm Na 3V0 4, and 10 gl/ml of a proteasb inhibitor mixture
tissue culture dishes at 37 °C with 5% CO2 in a humidified atmosphere, containing 4-(2-aminoethyl) benzensulfonylfluoride (AEBSF), pepstatin
MDA-MB-231 cells were passaged at 80-90% confluence using a solu- A, trans-epoxysuccinyl-L-leucylamido(4-guanido)butane (E-64), besta-
tion of 0.125% trypsin and 2 mm EDTA in Ca 2 +IMge-free Dulbecco's tin, leupeptin, and aprotinin (Sigma). Lysate was kept at 4 °C during all
phosphate buffered saline (CMF-DPBS). C8161.9 and 66c14 cells were subsequent steps. Lysate was passed through a 21-gauge needle several
passaged at 80-90% confluence using 2 mm EDTA in CMF-DPBS. times, incubated on ice for 1 h, then centrifuged for 1 h at 12,000 X g in
BRMS1 was cloned into the constitutive mammalian expression vector a Sorvall MC 12V microcentrifuge with an F12/M.18 rotor to remove
pcDNA3 (Invitrogen, San Diego, CA) under control of the cytomegalo- insoluble debris. Lysates were then rocked gently in the presence of
virus promoter. No antibiotics or antimycotics were used. All cell lines antibody for 1 h, followed by the addition of 20 ttl of protein A/G PLUS
were found to be negative for Mycoplasma spp. contamination using a agarose beads (Santa Cruz Biotechnology) and rocking overnight. Aga-
PCR-based method (TaKaRa, Madison, WI). rose beads were washed twice with ice-cold PBS, heated to 60 °C in

To detect BRMS1 protein expression, a chimeric molecule was con- sample buffer, subjected to SDS-PAGE, and transferred to polyvinyli-
structed with an N-terminal epitope tag (SV40T epitope 901) (24, 25). dene difluoride membrane for immunoblotting. For 55S-labeled sam-
Epitope-tagged full-length BRMS1 and deletion mutants were cloned ples, films were exposed directly to polyvinylidene difluoride mem-
into pcDNA3 before introduction into cells by electroporation (Bio-Rad branes. In each experiment, blots were probed with antisera to the
model Gene Pulser; 220 V, 960 microfarads, - ohms). Briefly, cells (0.8 immunoprecipitated protein to verify the quality of the immunoprecipi-
ml; 1 x 10' cells/ml) from 80% confluent plates were detached, plasmid tation and assess the equal loading of lanes.
DNA (10-40 tcg) was added to the cells, and the mixture was placed Size Exclusion Chromatography-Whole cell protein lysate (pooled
onto ice for 5 min before electroporation, followed by 10 min on ice prior from 10 100-mm plates using 1 ml of lysis buffer each) was applied to a
to plating on 100-rmm cell culture dishes. Transfectants were selected Superose 6 HR 10/30 size exclusion column (Amersham Biosciences).
using G418 (Geneticin; 500 p1g/ml). Single-cell clones were isolated by The column was run using lysis buffer with 1 mm phenylmethylsulfonyl
limiting dilution in 96-well plates. Stable transfectants were assessed fluoride and 0.5 mm dithiothreitol at a flow rate of 0.2 m/min. Fractions
for protein expression by immunoblotting. (500 td) were collected, and 420 pl of each fraction were used for co-IP.

Constructs-Deletion mutants were created by unidirectional diges- The remaining 80 0l was used for immunoblotting.
tion with exonuclease III as described previously (26). Briefly, pcDNA3 HDAC Activity Assay-Following co-IP, agarose beads were com-
901-BRMS 1 was digested by Apal and Bsu36I in the 3' multiple cloning bined with 400 1A of HDAC assay buffer (15 mm Tris, pH 7.9, 10 mm
site and then digested with 150 units/pmol DNA exonuclease III (Pro- NH4CL, 0.25 mm EDTA, 10% glycerol, and 10 mm 03-mercaptoethanol)
mega) at 37 *C. Reactions were stopped at different time points to containing 1.5 ttg 'H-labeled chicken reticulocyte core histones (28)
create a nested set of C-terminal BRMS1 deletion mutants. Sequencing with or without 250 mm sodium butyrate (an HDAC inhibitor). Samples
confirmed that the following 3' deletion mutants were successfully were inverted continuously on a rotating wheel for 3 h at 30 °C, and
created: 1) 901-BRMS1(A204-246) + LFYSVT; 2) 901-BRMS1(A164- HDAC activity was measured as described previously (28). Briefly, the
246) + TIL; and 3) 901-BRMS1(A91-246) + FYSVT. Additional amino reaction was stopped by adding 100 1A of 1 m HCI/0.4 M acetic acid and
acids were added because a short stretch of vector DNA was transcribed 0.8 ml ethyl acetate. Samples were vortexed for 30 s and centrifuged at
prior to encountering a stop codon. Hereafter, these constructs will be 8,000 X g for 5 min. An aliquot (0.6 ml) of the upper (organic) phase was
designated BRMS1(A204-246), BRMS1(A164-246), and BRMS1(A91- then counted for radioactivity in a 5-ml scintillation mixture (Fisher).
246), respectively. Reporter Assays-BRMS1 cDNA was cloned in-frame with the N-

Antibodies-An antibody directed against the 901 epitope was gen- terminal Gal4-DNA binding domain in pBIND (Promega). Subconfluent
erously provided by Dr. Satvir Tevethia. Anti-MTA1 was a gift from Dr. (80-90%) COS7 cells were transfected using the FuGENE reagent
Garth Nicolson. Anti-RBP1 (clone LY32 and initial aliquots of clone (Roche Diagnostics) with the GAL4-BRMS1 fusion construct and a
LYll) were gifts of Dr. Philip Branton. Antibodies directed against luciferase reporter plasmid containing four GAL4 binding sites up-
HDAC1, HDAC3, NCoR, RBP1 (clone LYll), SAP30, mSin3A, and stream of the myelomonocytic growth factor minimal promoter, kindly
SMRT were purchased from Upstate Biotechnology (Lake Placid, NY). provided by Dr. Ron Eiseuman. pRLSV40 (Renilla luciferase) was used
Antibodies recognizing E2F and retinoblastoma (Rb) were bought from as a transfection control. Trichostatin A (50, 150, and 300 ng/ml, Sigma)
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A .. B component of the mSin3.HDAC co-repressor complex, modu-
lates HDAC activity, and stabilizes the complex (17). Antibod-

r " 4.i ies recognizing mSds3 are not available commercially; thus, we
have not yet been able to test whether BRMS1 pulled down

+ mSds3.
Construct VectorBRMS 1 and RBP1 Are Reciprocally Co-immunoprecipitated

C Construct- Vector BRMS1 in Human Breast and Melanoma Cancer Cells-MDA-MB-231
IP: 901 901 WB: human breast carcinoma cells and C8161.9 human melanoma

F 1 iePI cells were transfected with 901 epitope-tagged BRMS1. Immu-
noprecipitation of BRMS1 followed by immunoblot with two

BRMS1 RBP1-specific antibodies (clones LYll and LY32) (Fig. 1, C and

D) showed that BRMS1 co-immunoprecipitates RBP1 (Fig. 1, C
construct: vector BRMSI and D). Negative controls (co-IP using anti-901 in vector-trans-

IP: 001 I~mln 9Ol We. fected cells or co-IP using an irrelevant antibody, anti-Lamin

SRONP A/C) did not pull down RBP1 (Fig 1, C and D). Antibody di-

LI III BRMS1 rected against RBP1 co-immunoprecipitated BRMS1 in both

E IP: 901 iJ3Pi Lamin breast carcinoma (Fig. 1E) and melanoma (Fig. 1F) cells.
E P:~o 90 BTo begin defining the binding domains of BRMS1 responsiblewB:•oA •'•for interactions with RBP1, three C-terminal deletion mutants

F IP: 001 mSin3A ROPI SAPI8 of 901-tagged BRMS1 were generated by exonuclease III diges-

wBixeg01 tion, designated BRMS1(A204-246), BRMS1(A164-246), and
BRMS1(A91-246) (Fig. 20). Deletion constructs were trans-

FIG. 1. Yeast two-hybrid and co-IP indicate that BRMS1 inter- fected into both MDA-MB-231 and C8161.9. The latter express-
acts with RBP1. A, growth of representative positive candidates on ing clones were experimentally more useful, because expres-
minimal media lacking histidine, tryptophan, and leucine. B, growth of sion of all three deletion mutants was approximately
representative positive candidates on minimal medium lacking ade- equivalent to full-length protein (data not shown, but can be
nine, tryptophan, and leucine. Plus sign (+) indicates positive control,
minus sign (-) indicates negative control (AH109 with BRMS1 or inferred from Fig. 2B). In MDA-MB-231, only BRMS1(A204-
interactor cDNA alone). C, BRMS1 co-immunoprecipitated RBP1 from 246)-expressing clones had protein levels approximating full-
whole cell lysate (1 mg) in MDA-MB-231 cells. Anti-901 was used to length BRMS1 (inferred from Fig. 2A). Anti-901 antibody was
immunoprecipitate (IP) epitope-tagged BRMS1 and also pulled used to co-immunoprecipitate deletion mutants, and immuno-
down RBP1, as shown by Western blot (WB). Anti-901 did not pull down
RBP1 in vector-transfected cells. D, BRMS1 co-immunoprecipitated blotting was used to detect RBP1 (Fig. 2, A and B). Loss of
RBPl from whole cell lysate (1 mg) in C8161.9 cells. Anti-901 was used amino acids 204-246 did not decrease binding to RBP1 in
to immunoprecipitate epitope-tagged BRMS1 and also pulled down either cell line (Fig. 2, A and B). Loss of amino acids 164-246
RBP1, as shown by Western blot. Anti-901 did not pull down RBP1 in diminished binding (by -90% by densitometry), and loss of
vector-transfected cells, and anti-Lamin A/C (an irrelevant antibody)
did not pull down RBP1 in BRMS1-transfected cells. E, anti-RBP1 amino acids 91-246 abrogated binding (Fig. 2B). Absence of
co-immunoprecipitated BRMS1 in MDA-MB-231 cells. Immunoblotting binding by BRMS1 (A91-246) was controlled internally for
with a-901 was used as a positive control, and a-Lamin A/C was used as nonspecific binding of RBP1 to the 901 epitope. Interestingly,
a negative control. F, anti-RBP1 co-immunoprecipitated BRMS1 in in both MDA-MB-231 and C8161.9, BRMS1 (A204-246) co-
C8161.9 cells. Immunoblotting with a-901 was used as a positive con-
trol, and a-mSin3A and a-SAP18 were used as negative controls. immunoprecipitated RBP1 more effectively (-1.5-fold) than

full-length BRMS1 (Fig. 2, A and B).
was added for 24 h prior to lysis. Cells were lysed in Passive lysis buffer BRMS1 Does Not Appear to Complex with Rb or p107 or to
(Promega) 48 h post-transfection. Cell extracts were assayed for lucif- Modulate E2F-dependent Gene Expression-RBP1 binds Rb
erase activity using the Dual luciferase reporter assay system (Pro- family members p105 (RB) and p107 (30-32). Rb proteins, in
mega) and an automated luminometer MonolightWM3010 (Pharmingen). turn, bind E2F and tether RBP1 to E2F-responsive gene pro-
Transfection efficiencies were normalized using the Renilla luciferase moters. In this way, RBP1 directly suppresses transcription.
control. We tested the hypothesis that BRMS1 is part of an

RESULTS RBP1-Rb.E2F complex; however, BRMS1 did not co-immuno-

RBP1 and mSds3 Were Identified as BRMS1-interacting Pro- precipitate p105 or p107 in MDA-MB-231 (Fig. 2A) or C8161.9
teins by Yeast Two-hybrid Screen-A yeast two-hybrid screen cells (data not shown). Likewise, BRMS1 did not affect lucifer-
was performed using prey libraries from three human tissues, ase expression using an E2F-responsive promoter (data not
breast, placenta, and prostate. Breast was chosen because shown). Taken together, these findings suggest that BRMS1
BRMS1 was first identified as a metastasis suppressor in does not act as part of an RBP1.Rb.E2F complex and that
breast cancer. Placenta and prostate were chosen because BRMS1 might be part of a previously undescribed RBP1 com-
BRMS1 mRNA is highly expressed in these tissues (6). Full- plex that does not contain Rb.
length BRMS1 was used as the "bait." RBP1 was present in the BRMS1 Co-immunoprecipitates Several 3 5S-labeled Proteins
majority of positive clones from breast and placenta libraries, in MDA-MB-231-Anti-901 was used to co-immunoprecipitate
so it was chosen for further studies (Fig. 1, A and B). BRMS1 from 5S-labeled lysates from BRMS1-transfected

The FIJ00052 expressed tag was present as two independ- MDA-MB-231. Vector-transfected cells were used as controls.
ent positive clones in a prostate library screen. During the In addition to BRMS1, several additional bands were evident,
completion of the work reported here, FLJ00052 was identified including prominent large proteins at ->200 kDa, -160 kDa,
as the mammalian ortholog (mSds3, GenBankTM accession and -65 kDa as well as less intense bands just below 50 kDa
number XM_045014 mapping to human chromosome 12q24.23) and another at -30 kDa. (Fig. 3). Parallel experiments were
of the yeast Sds3 protein. There are other related genes accord- performed using BRMS1-transfected C8161.9 and Brmsl (mu-
ing to the LocusLink (www.ncbi.nlm.nih.gov/LocusLink/ rine ortholog; Ref. 7)-transfected 66c14. Similar "S-labeled pro-
list.cgi?Q = FLJO0052&ORG = &V = 0), suggesting the exist- teins were co-immunoprecipitated by anti-901 (data not
ence of additional mSds3 orthologs. mSds3 is an integral shown). The pattern was reminiscent of previously published
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A Construct: Vector BRMSI
Lane: 1 2 3 4 5 6 IP: 901 901

Construct: Vector BRMSI A204 Vector BRMSt A204 MW ... double
IP: 901 901 901 none none none (KDa) .. >250 doublet

we: ~~~250 - - 5
We:5 200220 doublet

901 441110 160 - IMISO016 doublet

RBP [mw Alww' 75 --- -

Rb 
s

35 - --• BRMSt

pl0 .- 32
71ý 6 S R,"WTW, 30 .. -30

B
Lane: 1 2 3 4 5 6 FIG. 3. BRMS1 co-immunoprecipitated several proteins using

"35S-labeled whole cell lysates. Using radiolabeled protein lysate
Construct: Vector BRMSI BRMS1 A204 A164 A91 from MDA-MB-231 cells, anti-901 was used to immunoprecipitate

IP: 901 Lamin 901 901 901 901 epitope-tagged BRMS1. Immunoprecipitation (IP) of BRMS1 revealed

WB: at least 12 co-immunoprecipitated proteins. Arrows with numbers in-
dicate co-immunoprecipitated proteins and approximate molecular

901 mass (MW) in kDa. > indicates IgG light chain.

Lane: 1 2 3 4 5 6
Construct: Vector BRMS1 BRMS1 A204 A164 A91

RIP: 901 Lamin 901 901 901 901
RBPI WB:

901
C BRMSI: 19011 B RMS! 1 246

A204 901 B RMS1 204

A1": 1901 I RMSi --- I mSin3A ________________________,__ ,_____

A91 19011 BRMS1 91

FIG. 2. Binding to RBP1 is abrogated as C-terminal amino mSin3B

acids are removed from BRMS1, and BRMS1 does not co-immu- SAP30
noprecipitate Rb or p107. A, whole cell lysates (1 mng) were prepared ....
from MDA-MB-231 cells expressing 901-epitope-tagged BRMS1 or
BRMS1(A204-246) (see panel C). BRMS1(A204-246) co-immunopre- HDACI
cipitated RBP1 (lane 3). Anti-901 did not pull down these proteins in
vector-transfected cells (lane 1). To determine relative protein expres-
sion, 50 pg of protein lysate from each transfected construct was im- HDAC2
munoblotted (lanes 4-6) (the exposure for a-901 shown here was not
long enough to show expression in lanes 4 and 5). BRMS1 did not RbAp46 "
co-immunoprecipitate Rb or p 107. IP, immunoprecipitation; WB, West-
ern blot. B, whole cell lysates (1 mg) were prepared from C8161.9 cells
expressing BRMS1 and BRMS1 deletion mutants (see panel C) with RbAp4I8 =.
protein levels comparable with the clone expressing full-length BRMS1.
The deletion mutants exhibited varying abilities to co-immunoprecipi- FIG. 4. BRMSl co-immunoprecipitated at least seven members
tate the above-mentioned proteins (lanes 4-6). Anti-901 (lane 1) and an of the mSin3 HDAC complex in C8161.9 human melanoma cells.
irrelevant antibody (anti-Lamin A/C, lane 2) did not pull down RBP1 In A, BRMS1 co-immunoprecipitated mSin3A, mSin3B, HDAC1, HDAC2,
vector-transfected cells. > indicates IgG light chain. C, schematic of RbAp46, RbAp48, and SAP30 from whole cell lysates (1 mg) of stably
BRMS1 deletion mutants. Equal loading of immunoprecipitate is in- transfected C8161.9 cells (lane 3). Whole cell lysates (1 mg) were also
ferred from the data, because equal intensity is observed by probing prepared from C8161.9 cells expressing BRMS1 deletion mutants (see
with anti-901. Fig. 2C) with protein levels comparable with those of the clone express-

ing full-length BRMS1. Deletion mutants exhibited varying abilities to
results showing that RBP1 interacts with the mSin3-HDAC co-immunoprecipitate the above-mentioned proteins (lanes 4-6). Anti-
complex (31, 32). Specifically, HDAC1 and HDAC2 migrate at 901 did not pull down these proteins in vector-transfected cells (lane 1),

and anti-Lamin A/C (an irrelevant antibody) did not pull down these-65/60 kDa. mSin3B and mSin3A migrate at -160/150 kDa. proteins in BRMS1-transfected cells (lane 2). IP, immunoprecipitation;
These molecular mass proteins corresponded to the most prom- WB, Western blot.
inent radiolabeled proteins co-immunoprecipitated with
BRMS1 (Fig. 3). Therefore, we hypothesized that BRMS1 is a the nuclear protein Lamin A/C (Fig. 4, lane 2). Western blots
component of the mSin3.HDAC complex. demonstrated that BRMS1-associated proteins were present at

BRMS1 Is a Component of the mSin3.HDAC Complex in comparable levels in both vector- and BRMS1-transfected cell
C8161.9 and MDA-MB-231-Immunoprecipitation of epitope- lysates (data not shown), ruling out the possibility that vector-
tagged BRMS1 followed by immunoblotting showed that transfected cells had lower levels of mSin3.HDAC complex
BRMS1 pulled down seven proteins shown previously to be components. Interactions between BRMS1 and mSin3.HDAC
part of mSin3.HDAC complexes, namely mSin3A, mSin3B, were relatively strong, because they persisted in 0.5 M NaCl.
HDAC1, HDAC2, SAP30, RbAp46, and RbAp48 (Fig. 4). The Antibodies recognizing mSin3B, HDAC1, HDAC2, and SAP30
same proteins were not precipitated in vector-transfected cells "reverse" co-immunoprecipitated BRMS1 in C8161.9 cells as
(Fig. 4, lane 1), nor were they pulled down using an antibody to well (Fig. 6A).
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Lane: 1 2 3 4 5 a A IP: 901 mSIn3A RBP1 6AP18
Construct: Vector BRMSt A204 Vector BRMSI A204

IP: ol1 a90
1 

a J901 none none none -S [90 [1111111]
Ui901 IP: RbAp4B RhAp48 rmSn3A 8AP30

aSIn3A -]901 r .

40* owlIP: Lrniln Ab HDACI

.HDACI IP: HDAC2 mSin3A mSin3B RbAp46

aHDAC2 9, _

orSAP3O 81"i
B IP: 901 RBPi Lmniln

ARbApO6 ~ WS: 901 48

oAbApa .. IP: mSln3B mSWn3A HDAC1 HDAC2

_ __..901
aSAP18t IP: RbAp48 RbAp46 SAP30

FIG. 5. BRMS1 co-immunoprecipitated at least six members of 901 I
a mSin3 histone deacetylase co-repressor complex in MDA-MB-
231 human breast carcinoma cells. A, BRMS1 co-immunoprecipi- FIG. 6. HDAC1, HDAC2, SAP30, RBP1, mSin3B, and mSin3A
tated mSin3A, mSin3B, HDAC1, HDAC2, RbAp48, and SAP30 from co-immunoprecipitated BRMS1. A, in BRMS1-transfected C8161.9
whole cell lysates (1 mg) of stably transfected MDA-MB-231 cells (lane cells, antibodies recognizing mSin3A, mSin3B, SAP30, HDAC1,
2). Whole cell lysates (1 mg) were also prepared from MDA-MB-231 cells HDAC2, and RBP1 co-immunoprecipitated BRMS1 from 1 mg of whole
expressing BRMS1 deletion mutant (A204-246) (see Fig. 2C) with cell lysate. Antibodies directed against SAP18, RbAp46, RbAp48, and
protein levels comparable with the clone expressing full-length BRMS1. pRb did not co-immunoprecipitate BRMS1. Presence of the respective
BRMSl(A204-246) also co-immunoprecipitated the above-mentioned antigen recognized for co-immunoprecipitate was confirmed by re-stain-
proteins (lane 3). Anti-901 did not pull down these proteins in vector- ing the blots with the same antibody used for precipitation. *, in the
transfected cells (lane 1). To determine relative protein expression, 50 bottom panel, increased exposure time was used to reveal co-immuno-
jig of protein lysate from each transfected construct was immunoblotted precipitated BRMS1, causing a cross-reacting band of slower mobility to
(lanes 4-6) (the exposure for a-901 was not long enough to show become visible. B, in BRMSl-transfected MDA-MB-231 cells, antibodies
expression in lanes 4 and 5). IP, immunoprecipitation; WB, directed against mSin3B, SAP30, HDAC1, HDAC2, and RBP1 co-im-
Western blot. munoprecipitated BRMS1 from 1 mg of whole cell lysate. Antibodies

directed against mSin3A, SAP18, RbAp46, RbAp48, and pRb did not
co-immunoprecipitate BRMS1. Anti-901 was used as a positive control.

mSin3"HDAC complex proteins exhibited the same general Presence of the precipitated antigen was verified by re-staining the
interaction pattern with BRMS1 deletion mutants as did blots with the antisera used for co-IP. IP, immunoprecipitation; WB,
RBP1, with some exceptions. BRMS1(A204-246) co-immuno- Western blot.
precipitated mSin3A, mSin3B, SAP30, and HDAC2 at levels
comparable with full-length BRMS1 (Fig. 4). However, recognized a band at -18 kDa in vector- and BRMS1-trans-
BRMS1(A204-246) co-immunoprecipitated HDAC1, RbAp46, fected cells (Fig. 5).
and RbAp48 less efficiently than full-length BRMS1 (reduced BRMS1 Interacts with a Subset of mSin3.HDAC Com-
-40% by densitometry) (Fig. 4). This discrepancy is evident on plexes-Many proteins that bind HDAC complexes are respon-
co-IP/immunoblots simultaneously probed for HDAC1 and sible for recruiting complexes to specific promoters. However,
mSin3B, clearly demonstrating differential binding (data not BRMS1 does not have a predicted DNA-binding motif, suggest-
shown). BRMSl(A164-246) co-immunoprecipitated all ing that it might serve a different role as a member of subsets
mSin3-HDAC complex components significantly less efficiently of mSin3.HDAC complexes.
than full-length BRMS1 (reduced -90% by densitometry), As a first step to evaluate those potential roles, the ability of
whereas BRMS(A91-246) did not co-immunoprecipitate any BRMS1 to co-immunoprecipitate selected HDAC complex com-
complex proteins (Fig. 4). ponents was tested. Mad and Max were the first proteins

To determine whether BRMS1 interacted with mSin3.HDAC shown to recruit the mSin3.HDAC to a specific promoter (33-
complex proteins in human breast cancer cells, proteins were 35), but BRMS1 did not co-immunoprecipitate Madl or Max
co-immunoprecipitated from BRMS1-transfected MDA-MB- (data not shown). The unliganded nuclear hormone co-recep-
231. Six mSin3.HDAC complex proteins, mSin3A, mSin3B, tors SMRT and NCoR have also been reported to recruit the
HDAC1, HDAC2, SAP30, and RbAp48 (Fig. 5), were pulled mSin3 (36-39), but there are contradictory data (40). In our
down with BRMS1. Co-IP in vector-transfected cells did not system, BRMS1 did not co-immunoprecipitate SMRT or NCoR
co-immunoprecipitate these proteins (Fig. 5, lane 1) despite the (data not shown). mSin3-HDAC interaction with MeCP2, a
proteins being present in both vector- and BRMS1-transfected methyl CpG-binding protein, has also suggested that repres-
lysates (Fig. 5, lanes 4 and 5). As above, interactions persisted sion associated with DNA methylation may be mediated, in
in 0.5 M NaCl. RbAp46, a member of the core mSin3-HDAC part, by deacetylation (41). Yet, BRMS1 did not co-immunopre-
complex, did not co-immunoprecipitate with BRMS1 in MDA- cipitate MeCP2 (data not shown). Because the core HDAC
MB-231 cells (Fig. 5). Antibodies recognizing mSin3B, SAP30, subunit (HDAC1, HDAC2, RAp46, and RbAp48) is also present
HDAC1, and HDAC2 co-immunoprecipitated BRMS1 in MDA- in the NuRD HDAC complex (16), we asked whether BRMS1
MB-231 (Fig. 6B). BRMS1(A204-246) co-immunoprecipitated complexed with NuRD. BRMS1 did not co-immunoprecipitate
mSin3.HDAC proteins at levels comparable with full-length Mi-2 or MTA1, two members of the NuRD complex (data not
BRMS1 (Fig. 5). In both melanoma and breast carcinoma cells, shown). HDAC3, which is related to HDAC1 and HDAC2 and
it was not possible to definitively demonstrate that BRMS1 can complex with RBP1 (32), did not co-immunoprecipitate
co-immunoprecipitates SAP18, because SAP18 anti-sera also with BRMS1 (data not shown).
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FiG. 7. BRMS1 pulls down HDAC activity. Whole cell lysate (6 mg of total protein) was prepared from BRMSl-transfected C8161.9 cells as
well as from C8161.9 cells expressing BRMS1 deletion mutants (A204, A164, and A91) and vector-transfected (V) cells. Anti-901 was used to
immunoprecipitate BRMS1 and BRMS1 deletion mutants from this lysate, and co-immunoprecipitated HDAC activity was measured. The HDAC
inhibitor sodium butyrate (250 mM) was used to show that the release of 3H-acetyl groups was due specifically to HDAC activity. Anti-HDAC1 was
used as a positive control (*, 10 ,g of anti-HDAC1 was used; **, 5 jug of anti-HDAC1 was used). Anti-Lamin A/C was used as a negative control.
Bars with error bars represent mean ± S.E. for two independent experiments. See Fig. 2C for a schematic of the BRMS1 deletion mutants.

Taken together, these data suggest that BRMS1 exists in a 2000
specialized subset of mSin3.HDAC complexes rather than ex- 5-0
isting as an integral component of the complex. In other words, 440
BRMS1 is not a ubiquitous member of mSin3-HDAC MW (kta) --- :=!=O
complexes. A

BRMS1 Exists in Large (1.4 and 1.9 MDa) mSin3.HDAC i 3 "4 5 6 7 89 10111213 1415161781 19202122

Complexes as Well as Smaller Complexes Containing (BRMS1) LIiIIIiIIZ IIIJ
HDAC1-To determine the size of BRMS1ImSin3.HDAC com- HOACI - -
plex(es) and the distribution of these molecules in complexes of -_
various sizes, whole cell protein lysates from C8161.9 were SAP30 7 - -

subjected to Superose 6 size exclusion chromatography. Frac- mSin3B -
tions were separated by PAGE, transferred to polyvinylidene
difluoride, and immunoblotted for 901-BRMS1, HDAC1, B
SAP30, and mSin3B. These four proteins were chosen because 3 4 5 6 7 8 9 10111213 1415 16 17 18 1920 21 22
they are core members of the complex. BRMS1 eluted in mul- IBRMS1) 17
tiple peaks from the column with complex sizes ranging from
-100 to 2,000 kDa. BRMS1 elution was most prominent in HDACI I
peaks 5 and 6 (-1.7 MDa). HDAC1 also eluted in multiple SAP30 - --

peaks (fractions 4-22) with the majority present in fractions 8 mMOB I
and 9 (- 1.4 MDa, Fig. SA). SAP30 was detected in two peaks,
one from fractions 4 through 14 and another from fractions 19 FIn. 8. BRMSl co-immunoprecipitated a large (-1.6 MDa)
to 24, suggesting the existence of at least two complexes, the complex containing HDAC1, SAP30, and mSin3B as well as

smaller complexes containing HDAC1. A, elution profile of BRMS1,
first >1 MDa and the second <200 kDa (Fig. 8A). mSin3B is HDAC1, SAP30, and mSin3B in BRMS1-transfected C8161.9 cells.
detected uniformly in fractions 3-17, indicating involvement in Whole cell lysate (3 mg total protein) was prepared and applied to a
complexes ranging from -2 MDa to hundreds of kDa (Fig. SA). Superose 6 size exclusion column. Fractions (500 pl) were collected, and

BRMS1 was immunoprecipitated from 420 /1 of each fraction 20 jil of each fraction were subjected to SDS-PAGE and immunoblot-
ting. MW, molecular mass. B, immunoprecipitation of BRMS1 within

followed by PAGE and immunoblot. The vast majority (>90%) eluted fractions. Whole cell lysate (3 mg of total protein) was prepared
of BRMS1 was present in complexes ranging in size between from BRMS1-transfected C8161.9 cells and applied to a Superose 6 size
1.4 and 1.9 MDa (fractions 5-9 shown in lanes 5-9, Fig. 8B). exclusion column. Fractions (500 1d) were collected, and anti-901 was
BRMS1 also precipitated in fractions 10-23. HDAC1, SAP30 used to immunoprecipitate BRMS1 from 420 jil of each fraction. Immu-

and mSin3B co-immunoprecipitated with BRMS1 in fractions noprecipitated complexes were subjected to PAGE and immunoblotting.

5-9, although SAP30 is most abundant in fractions 8 and 9
(lanes 8 and 9, Fig. 8B). HDAC1, however, also co-immunopre- HDAC activity. BRMS1(A164-246) co-immunoprecipitates
cipitated with BRMS1 in fractions 10-21, suggesting that still less HDAC activity, whereas BRMS1(A91-246) pulled
BRMS1 can be involved in smaller complexes with HDAC1 down only background activity (Fig. 7). This pattern is remi-
(lanes 10-21, Fig. 8B). niscent of the pattern of interaction with HDAC1 seen by

BRMS1 Co-immunoprecipitates HDAC Activity-To deter- immunoblot (Fig. 4). As a positive control, anti-HDACI anti-
mine whether BRMS1-associated HDACI and HDAC2 were bodies were able to pull down HDAC activity (Fig. 7) propor-
enzymatically active, complexes were assessed for deacetylase tionate to the amount of antibody used (i.e. when 2x anti-
activity in C8161.9. Full-length BRMS1 co-immunoprecipi- HDAC1 was used, double the HDAC activity was precipitated).
tated HDAC activity; BRMS1(A204-246) pulled down less These results show that only a small portion of the HDAC1
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data presented here, along with data regarding MTA1 and HP1
10 cited above, are consistent with the hypothesis that HDAC

inhibitors may influence not only primary tumors but also
0 02 distant metastases.

Interestingly, BRMS1 appears to be part of a protein family
8 0J6 in which all of the characterized members are components of

the mSin3-HDAC complex. During the original yeast two-hy-
' 04 brid screen, two cDNA clones identified as FLJO0052 were

identified in the prostate library. As studies were underway to
02. follow-up RBP1, mSin3, and HDAC findings, F-JO00052 was

re-designated by GenBankTM as mSds3, the mammalian or-
oD tholog of Saccharomyces cerevisiae Sds3. Sds3 has been impli-

Vector BRMSI cated in gene silencing through a Sin3.Rpd3 pathway (Rpd3 in
FIG. 9. BRMS1 represses transcriptional activity in vivo. Using a yeast HDAC1 ortholog) and is an integral component of the

a luciferase reporter assay containing four GALA binding sites up- yeast Sin3.Rpd3 complex that is required for histone deacety-
stream of the myelomonocytic growth factor minimal promoter, BRMS y
strongly repressed (-80%) basal transcription compared with the lase activity (17, 54). BRMS1 shares 18% identity and 49%
pBIND vector alone. similarity with a large region of yeast Sds3 and 23% identity

and 49% similarity with mSds3. mSds3, analogous to its yeast
activity present in the protein lysate is being measured. Vector- ortholog, is a component of the mSin3.HDAC complex, stabi-
transfected cells and co-IP with anti-Lamin A/C served as lizes HDAC1 within the complex, and augments HDAC activity
negative controls (Fig. 7). (17). Another predicted mammalian protein of unknown func-

BRMS1 Represses Transcription in Luciferase Reporter As- tion (designated MGC11296) is homologous to both Sds3 and
says-On the basis of its physical interactions with mSin3 and BRMS1. Homology to BRMS1 is particularly strong (58% iden-
HDAC1, it was predicted that BRMS1 would repress transcrip- tity; 79% similarity for the C-terminal 196 amino acids of
tion. To investigate this prediction, we measured the effect of BRMS1 and the N-terminal 196 amino acids of MGC11296).
BRMS1 on transcription using a luciferase reporter containing The high level of sequence similarity between these molecules,
four GAL4 binding sites upstream of the myelomonocytic combined with their associations with mSin3.HDAC com-
growth factor minimal promoter. BRMS1 strongly repressed plexes, suggests the existence of a BRMS1 family of proteins
(-80%) basal transcription compared with the pBIND vector that may play a crucial role in altering metastasis by regulat-
alone (Fig. 9). ing the so-called histone code (29, 49).

DISCUSSION Although specific role(s) for BRMS1 within mSin3.HDAC
nof the metastatic phenotype was pro- complexes remain to be elucidated, the following lines of evi-

posed in 1889 when Sir Stephen Paget recognized that tumor dence suggest that the metastasis suppressor may be involved
posedecini1889 whensSiriStephenHPagetarecognizedlthatgtumor

cells colonize certain organs preferentially based, in part, upon in recruiting and stabilizing HDAC1 and/or modulating HDAC
how they respond to signals from the microenvironment (42). activity. 1) BRMS1 forms small complexes (-100 kDa and
Trainer and co-workers later showed that treatment of murine greater) with HDAC1 but forms only large complexes (-1.4 to
melanoma cells with the DNA de-methylating agent 5-azacyti- 1.9 MDa) with Sin3B and SAP30 (Fig. 8B). 2) BRMS1 has
dine resulted in reversible reduction of metastatic lung coloniza- distinct binding site(s) for the HDAC1.RbAp46/48 core subunit
tion (43). Recent studies have shown that treatment of cells with as compared with the rest of the complex (mSin3A, mSin3B,
5-azacytidine can induce expression of the metastasis suppressor SAP30, HDAC2, and RBP1) as demonstrated by BRMS1-
genes Nm23 (44) and KA1 (45). Links between metastasis and (A204-246) binding less effectively to HDAC1.RpAp46/48 than
HDAC activity first became apparent when the breast cancer does full-length BRMS1; in contrast, BRMS1(A204-246) binds
metastasis promoting gene, MTA1, was identified as a compo- the remaining complex components as effectively (Fig. 4). 3)
nent of the NuRD.HDAC complex (46, 47). MTA1 has subse- The C-terminal 42 amino acids of BRMS1 appear to stabilize
quently been shown to repress estrogen receptor-dependent tran- HDAC1.RbAp46/48 within the complex, as deletion of these
scription in an HDAC-dependent manner (48). Likewise, loss of residues specifically compromises binding to these three com-
expression of heterochromatin protein 1 (HP1) has been associ- ponents (Fig. 4). 4) Both characterized BRMS1 family members
ated with acquisition of metastatic potential in human breast (Sds3 and mSds3) are required for optimal HDAC activity, and
cancer (49). Together, these findings support the hypothesis that mSds3 specifically stabilizes HDAC1 within the mSin3
regulation of the transcriptome by a variety of mechanisms is a complex.
critical determinant of cancer spread. The findings reported here Although remarkably similar in breast carcinoma and mel-
represent the first direct evidence that a metastasis suppressor anoma cell lines, BRMSI-mSin3.HDAC complexes were dis-
gene is a component of an HDAC complex. It is possible that tinct. RbAp46 complexes with BRMS1 were not detected in
specialized HDAC complexes may promote (as implied by MTA1) MDA-MB-231 (Fig. 5), and the interaction with RbAp48 ap-
or inhibit (as implied by BRMS1) cancer metastasis. The data peared less robust than in C8161.9 (compare Figs. 4 and 5).
compel the hypothesis that metastasis is regulated, at least in Differential binding of BRMS1(A204-246) to the HDAC1-
part, by histone deacetylase activity, chromatin remodeling, RbAp46/48 subunit in C8161.9 was not observed in MDA-MB-
and/or transcriptional repression. 231 (compare Figs. 4 to 5). At this juncture, it is not possible to

Connections between HDAC activity and cancer have distinguish whether the differences are due to cell origin or
emerged in recent years, stemming from observations that presence of mutations that abrogate interactions of RbAp46
HDAC inhibitors, such as trichostatin A and suberoylanilide with BRMS1-mSin3a. BRMS1-transfected MDA-MB-231 cells
hydroxamic acid (SAHA), can induce growth arrest, differenti- are suppressed for metastasis less than C8161.9 (40-90 versus
ation, and/or apoptosis in transformed cultured cells (50). In 90-100%). It is tempting to speculate that differences in me-
pre-clinical animal models, HDAC inhibitors have demon- tastasis suppression may be related to a differential interaction
strated impressive anti-tumor activity which, in turn, led to between BRMS1 and the HDAC1-RbAp46/48 subunit.
several ongoing HDAC inhibitor clinical trials (50-53). The Preliminary data obtained with the BRMS1 deletion mu-
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tants reported here are consistent with a correlation between 19. Laherty, C. D., Billin, A. N., Lavinsky, R. M., Yochum, G. S., Bush, A. C., Sun,
J. M., Mullen, T. M., Davie, J. R., Rose, D. W., Glass, C. K., Rosenfeld, M. G.,

complexes involving BRMS1, mSin3, and HDAC and metasta- Ayer, D. E., and Eisenman, R. N. (1998) Mol. Cell 2,33-42

sis suppression. C8161.9.BRMS1(A164-246) and (A91-246) 20. Zhang, Y., Sun, Z. W., Iratni, R., Erdjument-Bromage, H., Tempst, P., Hamp-
say, M., and Reinberg, D. (1998) Mol. Cell 1, 1021-1031clones (roSin3 interactions severely impaired or lost; Fig. 4) fail 21. Welch, D. R., Chen, P., Miele, M. E., MeGary, C. T., Bower, J. M., Weissman,

to suppress metastasis (data not shown). However, more re- B. E., and Stanbridge, E. J. (1994) Oncogene 9, 255-262
fined BRMS1 mutants will be required to determine whether 22. Miller, B. E., Miller, F. R., Leith, J. T., and Heppner, G. H. (1980) Cancer Res.

40, 3977-3981binding to the mSin3.HDAC complex is necessary for metasta- 23. Aslakson, C. J., and Miller, F. R. (1992) Cancer Res. 52, 1399-1405

sis suppression. Systematic site-directed mutagenesis of 24. Kierstead, T. D., and Tevethia, M. J. (1993) J. Virol. 67, 1817-1829
BRMS1 coupled with metastasis assays are underway. 25. Fu, T. M., Bonneau, R. H., Epler, M., Tevethia, M. J., Alam, S., Verner, K., and

Tevethia, S. S. (1996) Virology 222, 269-274
In summary, the metastasis suppressor BRMS1 is shown 26. Henikoff, S. (1984) Gene 28, 351-359
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HDAC1 and to repress transcription when recruited to a pro- 323-331
moter region. Besides defining a milieu in which BRMS1 works 29. Berger, S. L. (2002) Curr. Opin. Genet. Dev. 12, 142-148

30. Fattaey, A. R., Helin, K., Dembski, M. S., Dyson, N., Harlow, E., Vuocolo, G. A.,
within cells, the data presented here imply that specific down- Hanobik, M. G., Haskell, K. M., Oliff, A., and DeFeo-Jones, D. (1993)
stream mediators, regulated in part by HDAC activity, are Oncogene 8, 3149-3156

critical to controlling metastatic behavior. Indeed, preliminary 31. Lai, A., Lee, J. M., Yang, W. M., DeCaprio, J. A., Kaelin, W. G., Jr., Seto, E.,
and Branton, P. E. (1999) Mol. Cell. Biol. 19, 6632-6641

cDNA microarray and proteomic studies have identified a lim- 32. Lai, A., Kennedy, B. K., Barbie, D. A., Bertos, N. R., Yang, X. J., Theberge,
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Abstract

The murine ortholog (Brmsl) of human breast cancer metastasis suppressor 1 shares 95% identity to the human metastasis
suppressor, BRMS1, in amino acid structure. We tested Brmsl for suppression of metastasis of mouse mammary carcinoma cell
line 4T1 in syngenic BALB/c mice, using orthotopic (mammary fat pad) injection as well as intravenous injection. As observed
for BRMS1, transfection with Brmsl did not inhibit 4T1 primary tumor formation, but significantly suppressed lung
colonization. We also show that Brms I protein interacts with histone deacetylases, indicating involvement of Brms I in murine
Sin3-HDAC complex, like its human counterpart. Thus, because of similarities with its human ortholog, the results suggest that
Brmsl will be useful as a model for studying mechanism of action of BRMS1.
© 2005 Published by Elsevier Ireland Ltd.

Keywords: Metastasis suppressor gene; 4T1; Breast cancer; Murine ortholog

1. Introduction
Abbreviations CMF-DPBS; calcium- and magnesium-free

Dulbecco's phosphate buffered saline; DME-F12; mixture (1:1) Metastasis suppressors are a relatively newly
Dulbecco's-modified minimum essential medium and Ham's F-12
medium; HBSS; Hank's balanced salt solution; SDS; sodium described group of molecules which, by definition,
dodecyl sulfate; PAGE; poly acrylamide gel electrophoresis; TE; 0. suppress the spread of the tumor cells to a
125% trypsin and 2 mM EDTA solution in CMF-DPBS; TTBS; discontinuous site(s) without prohibiting the primary
Tris-buffered saline with Tween 20; HDAC; histone deacetylase. tumor growth [ 1,2]. The human BRMS1 (breast cancer
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to control of the metastatic phenotype [4]. Transfec- 2.2. Northern blot hybridization
tion of full-length BRMS1 cDNA into metastatic
breast cancer cell lines (MDA-MB-435 and MDA- Total RNA (20 jig) was size-separated on 1%
MB-231) and melanoma (C8161) cell line agarose formaldehyde gel, transferred onto a posi-
suppressed metastatic ability without affecting tumor- tively charged Hybond-N+ nylon membrane
igenicity [5,6]. Recently, we showed that BRMS1 (Amersham, Arlington Heights, IL) and fixed by UV
associates with mSin3 histone deacetylase complexes, cross-linking. All prehybridizations and hybridiz-
providing an early clue regarding mechanism of ations were carried out using ExpressHyb solution
action [7]. The purpose of the present study was to test (Clontech, Palo Alto, CA) according to the manu-
whether Brmsl exerts a similar metastasis suppres- facturer's recommendations, except that washes were
sion effect and whether comparable protein-protein done at 55 TC rather than 50 °C. 32p labeled Brmsl
interactions exist. We show that Brmsl, similar to its cDNA was used as probe. Equal loading and transfer
human counterpart, suppresses metastasis and physi- efficiency were assessed by comparing the intensity of
cally interacts with HDAC1 indicating its possible 18S ribosomal RNA bands after ethidium bromide
involvement in histone code regulation. staining and hybridizing blots with human G3PDH

cDNA (Pstl/Kpnl 780 bp fragment ATCC57090/
ATCC57091 in pBR322; ATCC; Manassas, VA).

2. Materials and methods The band intensity was calculated using digital
densitometry analysis tool of AlphaEase®FC image
analysis software (Alpha Innotech, San Leandro, CA,

2.1. Cell lines USA).

The mammary carcinoma cell lines, 67NR and 4T1
were derived from a spontaneous carcinoma in a 2.3. Transfection

BALB/cfC3H mouse [8]. 4T1 transfectants were
derived following transfection of full-length Brmsl Transient transfection studies in 4T1 were per-

cDNA cloned into a constitutive mammalian formed using pCMV-myc-Bnnsl. The plasmid was

expression vector (see below). All cell lines and constructed by cloning Brmsl ORF in-frame with the

transfectants were cultured in a 1:1 mixture of N-terminal myc epitope tag in pCMV-myc (BD-

Dulbecco's-modified minimum essential medium Clontech, CA, USA), in order to detect protein

and Ham's F-12 medium (DME-F 12), (MediaTech expression. The transfections were performed using
Cellgro, Herndon, VA, USA), supplemented with 5% Lipofectamine 2000 (Invitrogen, CA, USA), per the
fetal bovine serum (FBS; Atlanta Biologicals, Atlanta, manufacturer's instructions. Total protein was har-
GA), 1% non-essential amino acids, 1.0 mM sodium vested after 40-48 h for co-immunoprecipitations.
pyruvate, but no antibiotics or antimycotics. To generate stable transfectants, Brmsl was
Transfected cells also received 500 jtg/ml Geneticin cloned into pcDNA3 (Invitrogen, San Diego, CA,
(G-418, Invitrogen, CA, USA). For cell line passa- USA) under control of the cytomegalovirus
ging, 2 mM EDTA in Ca+ 2/Mg+ 2 -free Dulbecco's promoter. To detect protein expression, a chimeric
phosphate buffer saline (CMF-DPBS) was used. molecule was also constructed with an N-terminal
Hybrid clones and transfectants were used before epitope tag (SV40T epitope 901) [9,10]. Epitope-
passage 14 in order to minimize the impacts of clonal tagged Brmsl, as well as pcDNA3 vector only,
diversification and phenotypic instability. For all were transfected into 4T1 cells by electroporation
functional and biological assays, cells between 70 (BioRad, Hercules, CA; 220 V, 960jFd, -0).
and 90% confluence were used, with viability >95%. Transfectants were selected by addition of G-418
All the lines were routinely checked and found (500 jig/ml) after 35 h. Single cell clones were
negative for Mycoplasma spp. contamination using isolated by limiting dilution in 96-well plates.
PCR Mycoplasma detection set (TaKaRa, Madison, Stable transfectants were assessed for their
WI, USA) expression of Brms1 by immunoblotting.
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100 syringe. Mice were euthanized 19 days post-injection.
, 80Lungs were removed, rinsed in water and fixed in.2 80-
"V) diluted Bouin's solution (20% Bouin's fixative in
8 60 neutral buffered formalin) before quantification of
0) surface metastases as previously described [9].
Z• 40 Animals were maintained under the guidelines of
E 20 the National Institute of Health and the University of

Alabama at Birmingham. All protocols were
0 approved by Institutional Animal Care and Use

4T1 67NR Committee. Food and water were provided ad libitum.

Brms 1 2.6. Immunoprecipitation

Fig. 1. 4T1 Expresses very low levels of Brmsl. Total RNA (20 jig) pCMV-Myc-BrmsI transfected 4T1 cells were lysed
was size-separated on 1% agarose formaldehyde gel and blotted on
positively charged nylon membrane. The blot was probed using 32p with CMF-PBS containing 1% triton-X100 and 4 pIl/ml
labeled Bnnsl cDNA. The signal intensity was calculated using protease inhibitor cocktail (Sigma). Lysate was passed
digital densitometry analysis tool of AlphaEase®FC image analysis through a 21-gauge needle several times, incubated at
software (Alpha Innotech). 4 'C for 1.5 h, then centrifuged at 8000Xg at 4 'C for

2.4. Immunoblotting 30 min. Lysates were rocked at 4 °C with anti-HDAC1
Ab (1:200 dilution, Upstate) for 1 h followed by the
addition of protein A/G agarose beads (25 gil per 1 mlAntibody to the 901 epitope [7] and the myc lstSnaCu itcnlg)adrce vr

epitope (BD-Clontech, CA, USA) were used to lysate, Santa Cruz Biotechnology) and rocked over-
determine BrmsD-lotein CA, in total used night. Agarose beads were washed three times with ice
determ e froms 7 protein expression in culprotein cold PBS; 25 gl12 X sample buffer (BioRad) containing
lysate from 70 to 90% confluent cell cultures as 1-ecpotao 5 /)wsadd n ape

previously described [7].The epitope-tagged Brmsl were immunolo(ted as described prvosle
was etetedusig 15000diltio ofpriary were immunoblotted as described previously. The

was detected using 1:5000 dilution of primary membrane was probed with anti-Myc Ab at 1:5000
antibody. dilution. Secondary Ab was sheep-anti-mouse-HRP at a

1:10,000 dilution (Amersham-Pharmacia Biotech,
2.5. Metastasis assays Buckinhamshire, UK).

Immediately prior to injection, cells (7-14
passages following transfection) at 80-90% conflu- 3. Results
ence were detached with 2 mM EDTA solution,
washed with CMF-DPBS, counted using a hemacyt- Brmsl mRNA was expressed at practically
ometer and resuspended in ice-cold HBSS to a final undetectable levels in metastatic 4T1 cells compared
concentration of 1 X 107 cells/ml and 100 pl was
injected in mammary fat pads of female BALB/c mice 1 2* 3 4 5 6* 7* 8 9
(5-6 wk age). Tumor size was measured weekly by _ _ ..... _ _ _ rmsl
taking orthogonal measurements and was expressed - -" - . -"rs

as mean tumor diameter. Mean tumor diameter was [.actin
calculated as described by taking the square root of (3-.ct..
the product of orthogonal measurements [11]. The
mice were euthanized when mean tumor diameter was Fig. 2. Screening Brmsl expressing clones of 4T1. Stable clones of

-1.2 cm. 4T1 containing 901-tagged Brmsl are screened for the expression
For the experimental metastasis assay, (5 X 105 level of Brmsl. Lanes 1-8 correspond to clones 5-12. Lane 9

corresponds to positive control of human BRMS 1 bearing the same
cells/0.1 ml) cells were injected into lateral tail vein, epitope tag. *Represents clones selected for metastasis assays. The

using a 27 gg needle affixed to a 1 cc tuberculin blot was re-probed with 3-actin to confirm equal loading.
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-- .. 4T1 . 4T1 pcDNA3 to its non-metastatic counterpart 67NR (Fig. 1). Since

-A- 4T1 Brmslel.6 ----- 4T1 Brmslcl.10 an antibody recognizing Brmsl was, and is still, not
-.... 4T1 Brmslcl.11 available, we transfected 901-epitope tagged Brmsl in

A 12 4T1 cells (Fig. 2). Highly expressing clones 6, 10 and
11 were chosen for further studies.

Eý 10- 4..
E 1 Bnnsl -expressing 4T1 cells were injected into the

* 8. mammary fat pads of syngeneic female BALB/c mice.
16 Tumor growth was monitored and compared to
E

6a parental and vector only transfected cells (Fig. 3A).S-Brmsl did not show any adverse effect on the tumor

E growth, though a slight lag was observed in the tumor
growth rate. Although the vector only transfectants

a exhibited a reduced number of metastasis than the
parental cell line, the difference was not statistically

0 7 11 significant. Bnnsl-expressing 4T1 cells exhibited a
7 Po1t 14jection 1 2 53suppression of lung colonization (Fig. 3B; 59

metastases in parental vs. <11 metastases in

B 70- 4TlBrmsl cell clones).

60 To begin assessing at which step of the metastaticT 60"
cascade Brmsl may be blocking, a lung colonization

S50- assay was performed (i.e. cells were directly injected
( into the venous circulation). As in the spontaneous
E 40

assay, the Brmsl-transfected 4T1 cells were
30 significantly suppressed for lung colonization

0 (Fig. 3C; >250 metastases in parental vs. <25 in
-0 20- rsM 4 T1B~mst cell clones). As observed with transfectantsE
= 10 with BRMS1, the rare metastatic colonies were

0 -- ---,-- attributable to loss of Brmsl transgene expression as

P V 6 10 11 measured by RT-PCR (data not shown).
Since we previously found that human BRMS1

C 300 was a part of mSin3-histone deacetylase complex, we

tested whether Brmsl is similarly associated inS250

S200 calculated using of the following equation: /(diameter x)(diameter
E y), where x is the largest diameter of the locally growing tumor. The

' 150 graph represents mean ±_SEM of two independent experiments. (B
Sand C) Brms I suppresses metastasis of 4T1. Spontaneous metastasis

S100 was evaluated following orthotopic (mammary fat pad) injection of
S4T1 cells (5 X 106 ceUs/0. 1 ml) into syngeneic female BALB/c mice
E 50 (5-6 wk). Mice were euthanized when mean tumor diameters
z reached 1.2 cm. For experimental metastasis studies, cells prepared

0- oil as above but were injected into the lateral tail vein (5X i05

P V 6 10 11 cells/0.1 ml) using a 27 gg needle affixed to a 1 cc tuberculin
syringe. Mice were euthanized 19 days post-injection and examined

Fig. 3. (A) Brmsl does not affect 4TI tumor growth rate in for the presence of metastases. Lungs were removed, rinsed in water
mammary fat pad. Cells (1X 106; 7-14 passages following and fixed in diluted Bouin's solution (20% Bouin's fixative in
transfection) were injected in surgically exposed mammary fat neutral buffered formalin) before quantification of surface metas-
pads of syngeneic female BALB/c mice (5-6 wk). Mean tumor tasis as previously described by Welch, 1997 [11]. No. lung
diameter was determined by tumor measurement at regular intervals metastases from two independent experiments is shown (mean +
as described by Welch, 1997 [11]. Mean tumor diameter was SEM): P, Parental 4T1 and V, vector only transfectant.
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IP Lysate modifications in both the mouse and human models.
Further studies with knockout mice for Brmsl will

V B V B provide a useful tool for analyzing the modification

[ --Brmsl of mSin3-HDAC complex by depleting the Brmsl
and will help to understand its role in normal
physiology.

Fig. 4. Brmsl co-immunoprecipitates murine HDAC1. myc-epitope
tagged Brms] was transiently transfected into 4T1 cells. Cells were
lysed and the lysate was immunoprecipitated using anti-HDAC1
antibody. The precipitate was analyzed for Brmsl using anti-myc
antibody. V, Vector transfection and B, Brms I transfection. Acknowledgements
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Homo sapiens breast cancer metastasis-suppressor 1 (BRMS 1) mRNA, complete cds
gi198281661gblAF159141.1 IAF159141[9828166]
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